Netrins are guidance cues involved in neural connectivity. We have shown that the netrin-1 receptor DCC (deleted in colorectal cancer) is involved in the functional organization of the mesocorticolimbic dopamine (DA) system. Adult mice with a heterozygous loss-of-function mutation in dcc exhibit changes in indexes of DA function, including DA-related behaviors. These phenotypes are only observed after puberty, a critical period in the maturation of the mesocortical DA projection. Here, we examined whether dcc heterozygous mice exhibit structural changes in medial prefrontal cortex (mPFC) DA synaptic connectivity, before and after puberty. Stereological counts of tyrosine-hydroxylase (TH)-positive varicosities were increased in the cingulate 1 and prelimbic regions of the pregenual mPFC. dcc heterozygous mice also exhibited alterations in the size, complexity, and dendritic spine density of mPFC layer V pyramidal neuron basilar dendritic arbors. Remarkably, these presynaptic and postsynaptic partner phenotypes were not observed in juvenile mice, suggesting that DCC selectively influences the extensive branching and synaptic differentiation that occurs in the maturing mPFC DA circuit at puberty. Immunolabeling experiments in wild-type mice demonstrated that DCC is segregated to TH-positive fibers innervating the nucleus accumbens, with only scarce DCC labeling in mPFC TH-positive fibers. Netrin had an inverted target expression pattern. Thus, DCC-mediated netrin-1 signaling may influence the formation/maintenance of mesocorticolimbic DA topography. In support of this, we report that dcc heterozygous mice exhibit a twofold increase in the density of mPFC DCC/TH-positive varicosities. Our results implicate DCC-mediated netrin-1 signaling in the establishment of mPFC DA circuitry during puberty.
Introduction
Genetic and adverse environmental events occurring during neural development affect the formation of mesocorticolimbic dopamine (DA) networks, leading to individual differences in susceptibility to DA-related psychopathology (Knable and Weinberger, 1997; Meyer and Feldon, 2009) . The cellular and molecular processes mediating these effects are essentially unknown. Our past work identified a role for the netrin-1 receptor DCC (deleted in colorectal cancer) in the functional organization of mesocorticolimbic DA systems (Flores et al., 2005 Grant et al., 2007 Grant et al., , 2009 Yetnikoff et al., 2007 Yetnikoff et al., , 2010 , leading us to propose that DCC-mediated netrin-1 signaling is a mechanism whereby risk factors exert their enduring effects on DA function (Flores, 2011) . Here, we report that DCC contributes to the organization of mesocorticolimbic DA systems by influencing medial prefrontal cortex (mPFC) DA synaptic connectivity.
Mice that develop with a heterozygous loss-of-function mutation in DCC exhibit profound changes in mesocorticolimbic DA function in adulthood (Flores et al., 2005; Grant et al., 2007; Yetnikoff et al., 2010) . dcc heterozygous mice display exaggerated DA release in the mPFC at baseline and after amphetamine exposure. Conversely, these mice show normal baseline levels of DA concentrations in the nucleus accumbens (NAcc) but decreased amphetamine-induced release relative to wild-type animals. Notably, DA activity in the mPFC can lead to diminished NAcc DA release and behavioral responsiveness to stimulant drugs (Vezina et al., 1991; Doherty and Gratton, 1996; Ventura et al., 2004) . Consistent with this, dcc heterozygotes do not exhibit amphetamineinduced deficits in sensorimotor gating and show blunted sensitivity to the locomotor and rewarding effects of this drug. These mice also do not develop amphetamine-induced sensitization. In addition, mPFC tyrosine hydroxylase (TH) expression is increased in dcc heterozygous mice, whereas no differences are observed between genotypes in the NAcc or dorsal striatum. Together, these findings suggest that reduced DCC has a selective effect on mPFC DA circuit development.
Whereas DA striatal projections mature soon after birth, the DA innervation to the mPFC continues to develop until early adulthood (Kalsbeek et al., 1988a; Voorn et al., 1988; Rosenberg and Lewis, 1995) . The symptoms of psychiatric disorders associated with mesocorticolimbic DA dysfunction, such as schizophrenia, emerge in late adolescence or early adulthood. Similarly, dcc heterozygous mice exhibit the above mentioned phenotypes only after puberty (Grant et al., 2009; Yetnikoff et al., 2010) . DCC receptor function may therefore influence the organization of mPFC DA circuitry, and alterations in normal DCC signaling may be involved in orchestrating enduring structural and functional changes in this circuit at puberty.
To assess the role of DCC in the organization of mPFC DA circuitry, we examined structural changes in mesocortical DA inputs and their neuronal targets in dcc heterozygous mice. These studies were conducted in juvenile and adult mice to determine whether a structural phenotype would also emerge only after puberty. Immunolabeling experiments led to the hypothesis that DCC-netrin-1 signaling influences the topographical organization of mesocorticolimbic DA circuitry. Thus, we tested whether dcc haploinsufficiency results in altered mPFC DCC/TH-positive varicosity innervation specifically. Our results support a temporally and spatially selective role of DCC-mediated netrin-1 signaling in the establishment of mPFC DA circuitry.
Materials and Methods

Animals
All experiments were performed in accordance with the guidelines of the Canadian Council of Animal Care, and all animal procedures were approved by the McGill University/Douglas Hospital Animal Care Committee. All animals were kept on a 12 h light/dark cycle with ad libitum access to food and water.
Mice. BL/6 adult [postnatal day 60 (P60)] and juvenile male mice (P21) were obtained from Charles River Canada for the immunocytochemical characterization studies. Adult dcc heterozygous (ϩ/Ϫ) male mice, originally obtained from Dr. S. Ackerman (The Jackson Laboratory), were maintained on a BL/6 background and bred with female C57BL/6J (BL/6) mice obtained from The Jackson Laboratory. Male heterozygous (ϩ/Ϫ) and wild-type (ϩ/ϩ) offspring were used at juvenile (P21 Ϯ 1) and at adult (P75 Ϯ 15) ages for the neuroanatomical analyses. Targeted inactivation of the dcc gene was performed by disrupting exon 3, which encodes most of the second Ig-like domain of the protein, by insertion of a neomycin resistance cassette using homologous recombination (Fazeli et al., 1997) . Southern and Western blot analyses were used to confirm proper targeting and complete loss of DCC protein, respectively (Fazeli et al., 1997) .
Genotyping. The targeted and wild-type dcc alleles were amplified using an annealing temperature of 54°C for 30 cycles with the following oligonucleotides: DCC code, GGT CAT TGA GGT TCC TTT; DCC reverse, AAG ACG ACC ACA CGC GAC; and DCC Neo, TCC TCG TGC TTT ACG GTA TC.
Stereological counts of TH-positive terminals in mesocorticolimbic targets
Tissue processing. Male mice were anesthetized with an overdose of sodium pentobarbital injected intraperitoneally (Ͼ75 mg/kg). Intracardial perfusion was performed with 50 ml of 0.9% saline, followed by 75 ml of chilled fixative solution [4% paraformaldehyde (PFA) and 15% picric acid in PBS]. Brains were postfixed in fixative for 45 min, followed by an overnight incubation in 30% sucrose at 4°C.
Brains were frozen the following day in chilled 2-methylbutane (Fisher Scientific) and sectioned using a Leica SM2000-R sliding microtome. Slicing thickness was set to 25 m, and serial free-floating coronal sections were collected in PBS. Every second section was processed for immunohistochemistry (1:2 series). Sections were incubated for 30 min at room temperature in a solution of 0.3% hydrogen peroxide and 0.3% heat-inactivated goat serum in PBS. Tissue sections were blocked for 2 h at room temperature in 2% bovine serum albumin, 2% goat serum, and 0.3% Triton X-100 in PBS and then incubated in rabbit polyclonal anti-TH antibody diluted in blocking solution (1:500 dilution; catalog #AB152; Millipore Bioscience Research Reagents) for 48 h at 4°C. Sections were then rinsed in PBS and incubated in goat anti-rabbit biotinylated secondary antibody (1:250 dilution; Vector Laboratories) for 2 h at room temperature. Sections were incubated in Vectastain Elite ABC reagent (Vector Laboratories) for 2 h at room temperature and rinsed. Tissue slices were placed in nickel intensified diaminobenzidine (DAB) to visualize staining (DAB kit; Vector Laboratories). Sections were mounted onto gelatin-coated slides, dehydrated, cleared with xylene, and coverslipped using Permount (Thermo Fisher Scientific).
For the stereological counts of TH-positive varicosities double labeled with DCC, the tissue was processed for immunofluorescence. Brains were fixed by intracardial perfusion with 0.9% saline, followed by 4% PFA in 0.1 M phosphate buffer, pH 7.5. Tissue sections (35 m) were cut using a vibratome (Leica). The immunohistochemical protocol is described in detail below (see Immunohistochemistry).
Stereological counts of TH-positive varicosities. The density of THpositive varicosities in the inner layers of the cingulate 1 (Cg1), prelimbic (PrL), and infralimbic (IL) regions of the pregenual mPFC was evaluated using a stereological fractionator sampling design (West et al., 1991) , with the optical fractionator probe of the Stereoinvestigator software (MicroBrightField). Innervation of the mPFC inner layers was sampled because this region receives the densest terminal projections from VTA DA neurons (Berger et al., 1974; Descarries et al., 1987; Fallon and Loughlin, 1987; Hoover and Vertes, 2007; Van De Werd et al., 2010) . Regions of interest were delineated according to the mouse brain atlas (Paxinos and Franklin, 2001) , and contours of the TH-positive projection within these regions were traced at 5ϫ magnification with a Leica DM4000B microscope (Fig. 1 A) . Stereoinvestigator calculates, for each brain region, a volume (in cubic micrometers) measurement from the contour area, section thickness, and section periodicity (MicroBrightField). Sections spanning Plates 14 -18 of the Paxinos and Franklin mouse atlas (Paxinos and Franklin, 2001) were studied. The experiment was restricted to the pregenual mPFC, as in all our previous studies (Flores et al., 2005 Grant et al., 2007 Grant et al., , 2009 Yetnikoff et al., 2007 Yetnikoff et al., , 2010 . Stereoinvestigator calculates the total number of TH-positive varicosities based on the experimenter's random sampling of a known fraction of the region. Counting frame and grid size were chosen to consistently sample ϳ30 sites per region. An unbiased counting frame of known area (25 ϫ 25 m) was superimposed on the tissue, and counts were made at regular predetermined intervals (x ϭ 60 m, y ϭ 60 m) from a random start point determined by Stereoinvestigator. Counting was performed at 100ϫ magnification on 6 of the 12 sections contained within the rostrocaudal borders of our region of interest (1:2 series), delimited according to Plates 14 -18 of the Paxinos and Franklin mouse atlas (Paxinos and Franklin, 2001) . Twelve sections were contained within the region of interest in both genotypes. A guard zone was implemented to avoid any inconsistencies present on the cut surface of the section. On average, 21% of the total volume of each region of interest was sampled. The coefficient of error (CE) was below 0.05 in all animals studied, indicating that our sampling was consistent. Manual counts were performed by an experimenter blind to the experimental groups. For the statistical analysis, the means were based on animal units for the region volume and TH-positive varicosity density (projected total number of TH-positive varicosities per region/projected total volume of region). However, the counts were only obtained from the right hemisphere because of the lateralization of DA systems between hemispheres (Slopsema et al., 1982; Brake et al., 2000; Lupinsky et al., 2010) . A two-way ANOVA with genotype and mPFC subregion as betweensubjects variables was conducted to analyze data. An ANOVA test for simple effects was used as a post hoc test to determine differences between groups. The sample sizes were the following: adult ϩ/ϩ, n ϭ 9; adult dcc ϩ/Ϫ , n ϭ 7; juvenile, n ϭ 7 per group. The density of TH-positive varicosities in the NAcc and dorsal striatum was likewise assessed using the optical fractionator probe of the Stereoinvestigator software (MicroBrightField). Sections spanning Plates 14 -18 of the Paxinos and Franklin mouse atlas (Paxinos and Franklin, 2001 ) were studied. An unbiased counting frame of known area (8 ϫ 8 m) was superimposed on the tissue contour, and counts were made at regular predetermined intervals (x ϭ 150 m, y ϭ 200 m) from a random start point. Counting was performed at 100ϫ magnification on four sections per animal in a 1:3 series. The CE was below 0.1 in all animals studied, indicating that our sampling was consistent. The sample sizes were the following: ϩ/ϩ, n ϭ 6; dcc ϩ/Ϫ , n ϭ 7. Differences between genotypes were assessed by a Student's t test for independent samples for the volume and TH-positive varicosity density in the NAcc and dorsal striatum.
The same method was used to perform stereological counts of THpositive varicosities double labeled with DCC by immunofluorescence. However, image stacks of double-labeled sections (height, 8 m; focal step size, 300 nm) were scanned before analysis with a Leica DMLB microscope equipped with a motorized Ludl XYZ motorized stage and fluorescent filter shutter using Stereoinvestigator (MicroBrightField). An unbiased counting frame of known area (100 ϫ 100 m) was superimposed on the image stacks, and counts were made at regular predetermined intervals (x ϭ 200 m, y ϭ 150 m) from a random start point, by an experimenter blind to the experimental groups. Analysis was performed on five sections per animal in a 1:2 series. The sample size was n ϭ 4 per group.
Additional technical note. Both the TH and DCC immunolabeling protocols are very robust and yield stable results across experiments. We confirmed this by performing DCC and TH immunolabelings multiple times to assess the reproducibility of the signals. Before our studies, we confirmed that the following parameters were robust and reproducible between sections and across brains using our protocol: (1) overall distribution of immunolabeling throughout the brain, (2) the presence of clearly labeled and distinct varicosities at 100ϫ, and (3) uniform labeling along the z-axis. The groups of wild-type and heterozygous animals used in a single experiment were always perfused and immunostained together.
Structural changes in layer V mPFC pyramidal neurons
Golgi-Cox staining. Juvenile and adult dcc ϩ/Ϫ and ϩ/ϩ male mice were given an overdose of sodium pentobarbital (Ͼ75 mg/kg, i.p.) and were perfused transcardially with 0.9% saline. The brains were immersed in 20 ml of GolgiCox fixative solution and stored (in the dark) for 14 d before being transferred to a solution of 30% sucrose for 7 d. The tissue was cut into 200-m-thick sections using a Vibratome (Leica) and developed using a method described by Gibb and Kolb (1998) .
Anatomical analysis. Basilar dendritic arbors and spine density of layer V mPFC pyramidal neurons were analyzed. In a previous study, we identified reduced spine density in basilar dendrites of layer V, but not layer III, pyramidal neurons of dcc ϩ/Ϫ mice (Grant et al., 2007) . Thus, our current analysis was restricted to layer V pyramidal neurons. Neurons from the Cg1, PrL, and IL subregions of the pregenual mPFC were analyzed.
A Leica model DM4000 microscope equipped with a Ludl XYZ motorized stage was used to identify cells, trace dendritic arbors, and quantify dendritic spines. Relevant regions were first identified at low magnification (5ϫ objective). Only dendritic trees of a cell that was intact, well impregnated, and not obscured by blood vessels, astrocytes, or heavy clusters of dendrites from other cells were included in the analyses. Five cells from each hemisphere were analyzed. Neurolucida software (MicroBrightField) was used to (1) trace the dendritic arbors of selected cells, (2) perform Sholl analysis on dendritic arbors, and (3) quantify dendritic arbor length, dendrite number (20ϫ objective), and the spine density on selected dendrite segments (100ϫ objective). For both dendritic arbor and spine density analysis, the same neurons were sampled. One dendritic segment (third-order tip or greater) was analyzed per neuron. Spines were always counted from the last branch point to the terminal tip of the dendrite. No attempt was made to correct for the fact that some spines are obscured from view, so the measure of spine density necessarily underestimates total spine density.
Anatomical analysis was conducted blind to treatment condition. The sample sizes were the following: adult ϩ/ϩ, n ϭ 6 animals; adult dcc ϩ/Ϫ , n ϭ 7 animals; juvenile, n ϭ 9 animals per group. A total of 10 cells was analyzed per animal, five cells per hemisphere. Statistical analyses were performed, as described previously (Robinson and Kolb, 1999a; Grant et al., 2007; Flores et al., 2009) , by averaging across cells for each hemisphere, i.e., hemisphere was the unit of analysis, after confirmation that (Paxinos and Franklin, 2001, Plates 14 -16) . For stereological counting, contours were drawnaroundtheTH-positivefiberinnervationtothemPFCinnerlayerswithineachsubregionofinterest(Cg1,PrL,andIL;seeredtracing). Scale bar, 500 m. B, Micrograph of TH-positive immunoreactivity (DAB) in the mPFC inner layers taken with a 100ϫ objective. THpositivevaricositiesweredefinedasdilatedelementsassociatedwithaxonalprocesses.Scalebar,10m.C,ThevolumeofTH-positivefiber innervation (mean Ϯ SEM) to the mPFC inner layers was increased in dcc ϩ/Ϫ mice (n ϭ 7) relative to wild type (ϩ/ϩ; n ϭ 9) animals maineffectofgenotype:F (1, 28) ϭ5.06,pϭ0.04;significantgenotypebyregioninteraction:F (2,28) ϭ3. 72, pϭ0.037; aposthocANOVAtestforsimpleeffectsindicatedasignificanteffectofgenotypeintheCg1(F (1, 42) ϭ4.42,pϭ0.0478)andPrL (F (1,42) . E, No differences were observed before puberty in the volume of TH-positive fiber innervation to the mPFC inner layers or in the density of TH-positive varicosities (mean Ϯ SEM; n ϭ 7 per group).
there were no significant hemispheric differences in the parameters measured. Thus, the statistical N was double that of the number of animals in a given group (n). Two means were generated from each animal for statistical analysis, one mean from five cells in the right hemisphere and one from the five cells analyzed in the left hemisphere. In our experiments, the value of N was 12 for the ϩ/ϩ group and 14 for the dcc ϩ/Ϫ group in the adult experiment. For both groups in the juvenile experiment, N was 18.
Group differences were determined by a Student's t test for independent samples for the spine density, and dendritic arbor length and dendrite number parameters. A two-way ANOVA was performed on the Sholl analysis, followed by a Bonferroni's post hoc test.
Immunohistochemistry
Antibodies. Polyclonal chicken anti-mouse netrin-1 used at 1:5000 (Novus Biologicals), monoclonal mouse anti-TH used at 1:300 (MAB318; Millipore Bioscience Research Reagents), polyclonal rabbit anti-TH used at 1:500 (AB152; Millipore Bioscience Research Reagents), polyclonal rabbit antimouse DCC used at 1:500 (antibody #2473, Dr. H. M. Cooper, University of Queensland, Brisbane, QLD, Australia) (Seaman et al., 2001) , monoclonal anti-SMI-32 used at 1:1000 (clone SMI-32; Sternberger Monoclonals), and monoclonal mouse anti-parvalbumin used at 1:2000 (clone parv-19; Sigma-Aldrich).
Primary antibody characterization. The rabbit anti-DCC polyclonal antiserum (antibody #2473) (Seaman et al., 2001 ) was raised against the C-terminal peptide (SEESHKPTEDPASV) corresponding to amino acids 1406 -1419 of the mouse DCC protein (Cooper et al., 1995) . The specificity of the antibody has been tested previously by preincubating the antiserum with the peptide antigen before incubating with sections (Seaman et al., 2001; Osborne et al., 2005) . Osborne et al. (2005) reported a reduction in DCC immunoreactivity after antibody preadsorption but also noted that decreased labeling was less dramatic in regions of high DCC expression. Thus, we tested the specificity of the anti-DCC antibody further by confirming the absence of DCC immunolabeling in ventral midbrain sections of newborn dcc homozygous mice (see Fig. 4C , inset). These results underscore the fact that substantial yet incomplete antibody blocking can still reflect antibody specificity.
The chicken anti-mouse netrin-1 antibody (Novus Biologicals) was tested by Western blot. Lysates from whole rat brain were run alongside rat liver, which does not express netrin-1 (Kennedy et al., 1994) . A band of ϳ75 kDa was detected in adult rat brain, consistent with the predicted molecular weight of rat netrin-1. This band, however, was not detected in liver (data not shown). Furthermore, preadsorption of the netrin-1 antibody with a 10-fold excess of recombinant mouse netrin-1 (R & D Systems) before immunolabeling abolished netrin immunoreactivity in regions of low netrin expression and dramatically reduced netrin labeling in areas of high expression (see Fig. 3C , inset). These results are reminiscent of the reports by Osborne et al. (2005) discussed above in which the DCC antibody blocking experiments did not completely abolish the immunoreactive signal (see above), despite the fact that we demonstrated here that the antibody does not produce a signal in dcc homozygous tissue.
The mouse anti-TH antibody (MAB318; Millipore Bioscience Research Reagents) recognizes specifically an epitope on the regulatory N terminus of TH (Wolf and Kapatos, 1989) . On Western blot, it recognizes a single band of ϳ60 kDa, which corresponds to the predicted molecular weight for TH and does not react with other closely related catecholamine enzymes, including dopamine-␤-hydroxylase (according to the technical information of the manufacturer). The rabbit polyclonal anti-TH antibody (AB152; Millipore Bioscience Research Reagents) was raised against denatured TH from rat pheochromocytoma. On Western blot, this antibody recognizes a single band of ϳ60 kDa molecular weight corresponding to the TH protein (according to the technical information of the manufacturer). This antibody labels midbrain DA neuron cell bodies and terminals in wild-type mice but not in mice that have a nonfunctional TH gene (Hnasko et al., 2006) . The mouse anti-SMI-32 antibody (Sternberger Monoclonals) was raised against a nonphosphorylated epitope in neurofilament H and recognizes two bands on Western blot (200 and 180 kDa; according to the technical information of the manufacturer). This antibody has been shown to recognize subpopulations of pyramidal neurons (Sternberger and Sternberger, 1983; Hof et al., 1995) . The mouse antiparvalbumin antibody (Sigma-Aldrich) was raised against purified frog muscle parvalbumin and also recognizes parvalbumin (12 kDa) from several species, including rat, rabbit, fish, and goat (according to the technical information of the manufacturer).
Juvenile and adult male mice (n ϭ 6 per group) were anesthetized with an overdose of sodium pentobarbital (Ͼ75 mg/kg, i.p.) and were perfused intracardially with 0.9% saline, followed by a fixative solution (4% PFA in 0.1 M phosphate buffer, pH 7.5). Brains were sectioned at 35 m on a vibratome (Leica). Free-floating sections were used immediately for immunohistochemical processing.
Mouse brain sections were collected and rinsed in PBS and incubated in blocking solution (M.O.M. kit; Vector Laboratories) for 2 h, followed by second blocking step in 2% bovine serum albumin, 0.2% Tween 20 in PBS at room temperature. Sections were incubated 48 -72 h at 4°C with combinations of primary antibodies diluted in the second blocking solution.
Immunocytochemical experiments with netrin-1 immunoreactivity included an antigen retrieval step that consisted of heating the free-floating sections up to 90°C before blocking and primary antibody incubation. Immunostaining was visualized with either Alexa Fluor 488-or Alexa Fluor 555-conjugated secondary antibodies raised in goat (1:500; Invitrogen).
The immunohistochemical analyses were performed in triplicate once the protocols were optimized. This applies to the following double-labeling studies performed in adult and juvenile male mice: netrin ϩ TH; parvalbumin ϩ TH; parvalbumin ϩ netrin; netrin ϩ SMI-32; DCC ϩ TH. Six to 10 mice were used during the optimization of immunocytochemical protocols. Six mice were used in the final studies that were conducted to map immunolabeling patterns (two animals, repeated three times).
Microscopy and image analysis
Immunofluorescence was visualized using either of the following. (1) A Leica DM4000B microscope was used equipped with a Ludl XYZ motorized stage and filter cubes appropriate for detection of Alexa Fluor 488 and 555. Images were captured using a digital Microfire camera and PictureFrame software (MicroBrightField). (2) A Nikon PCM2000 laser-scanning confocal microscope was used equipped with argon (488 nm excitation; 10% neutral density filter) and helium/neon (543 nm excitation) lasers. Confocal images of Alexa Fluor 488 and 555 were obtained simultaneously, below saturation levels, with minimal gain and contrast enhancement.
Results
Postpubertal increase in TH-positive varicosities in the mPFC of dcc
ϩ/Ϫ mice Here, we examined whether dcc ϩ/Ϫ mice exhibit underlying structural differences in mPFC DA connectivity by performing stereological counts of the number of TH-immunoreactive varicosities in the Cg1, PrL, and IL regions of the pregenual mPFC, before and after puberty (Stereoinvestigator fractionator software; MicroBrightField).
TH-positive varicosities were used as the counting unit to obtain a measure of TH-positive presynaptic terminal density. Varicosities represent sites where neurotransmitter synthesis, packaging, release, and reuptake most often occur (Benes et al., 1996) . Varicosities were defined as dilated elements associated with axonal processes (Parish et al., 2002) and were thus only counted if they were clearly associated with an axon when visualized with a 100ϫ objective (Fig. 1 B) . The span (i.e., volume measurement in cubic micrometers) of the mPFC TH-positive projection was calculated by Stereoinvestigator from contours drawn around the area containing TH-positive fibers in the inner cortical layers of each cortical subregion of interest (Cg1, PrL, and IL) (Fig. 1 A) . The tracings were performed on micrographs taken with a 5ϫ objective to clearly distinguish this heavily innervated area relative to the other cortical layers (Finkelstein et al., 2000; Horne et al., 2008) (Fig. 1 A) .
As shown in Figure 1C , the volume (in cubic micrometers) occupied by TH-positive fiber innervation to the pregenual mPFC of adult dcc ϩ/Ϫ mice was significantly increased compared with wild-type littermates (Fig. 1C, (F (1,42) ϭ 4.42, p ϭ 0.0478) and PrL (F (1,42) ϭ 9.11, p ϭ 0.0065) regions]. We found no difference in the density of TH-positive varicosities between genotypes (Fig. 1C , second graph: two-way ANOVA, main effect of genotype, F (1,28) ϭ 0.07, p ϭ 0.79; genotype ϫ region interaction, F (2, 28) ϭ 0.57, p ϭ 0.57). These data indicate that adult dcc ϩ/Ϫ mice have an increased number of TH-positive varicosities: whereas the density of varicosities is equal between genotypes, the span (in cubic micrometers) of TH-positive fiber innervation to this region is increased in adult dcc ϩ/Ϫ mice (Fig.  1 D) . Consistent with this, a specific increase in the total number of TH-positive varicosities in the Cg1 and PrL mPFC was observed in dcc ϩ/Ϫ mice (total number of TH-positive varicosities in the Cg1 ϩ PrL, t (30) ϭ 1.969, p ϭ 0.05) (data not shown).
We measured the density of TH-positive varicosities and the volume (in cubic micrometers) of TH-positive fiber innervation in the NAcc and dorsal striatum of adult dcc ϩ/Ϫ and ϩ/ϩ mice. No differences in either measure were observed between genotypes (NAcc volume, t (11) ϭ 1.67, p ϭ 0.12; NAcc density, t (11) ϭ 0.7, p ϭ 0.5; dorsal striatum volume, t (11) ϭ 0.91, p ϭ 0.38; dorsal striatum density, t (11) ϭ 0.08, p ϭ 0.9) (data not shown), suggesting that dcc haploinsufficiency induces structural changes in the DA mesocorticolimbic system that are selective for the mPFC DA projection.
We did not find differences between genotypes in the volume (in cubic micrometers), density, or total number of mPFC TH-positive varicosities in juvenile mice ( Fig. 1 E: volume of the TH-positive DA innervation, two-way ANOVA, F (2,24) ϭ 1.60, p ϭ 0.23; density of TH-positive varicosities, two-way ANOVA, F (2,24) ϭ 3.75, p ϭ 0.08). Thus, although dcc ϩ/Ϫ mice have an increased number of TH-positive varicosities within the mPFC in adulthood, these differences are not detected before puberty, suggesting that events happening at puberty go awry in these mice.
Postpubertal alterations in dendritic arbor size and complexity of mPFC layer V pyramidal neurons in dcc ϩ/Ϫ mice We previously reported that adult dcc ϩ/Ϫ mice exhibit a significant ϳ40% reduction in basilar dendritic spine density in layer V mPFC neurons compared with adult ϩ/ϩ mice (Grant et al., 2007) (Fig. 2 A, C) . This reduction was specific to pyramidal neurons localized in this cortical layer, which is a major region of DA innervation to the mPFC (Kalsbeek et al., 1988a) . Consistent with this, analysis of the basilar dendritic arbor of layer V pyramidal neurons in adult dcc ϩ/Ϫ mice indicated that these neurons have fewer dendrites and a shorter total dendritic arbor length than their wild-type counterparts (Fig. 2 B, D: dendrite number, t (24) ϭ 2.88, p ϭ 0.008; Fig. 2 B, E: total dendritic arbor length, t (24) ϭ 2.51, p ϭ 0.019). Sholl analysis determined that dendritic arbors are less branched closer to the cell body, indicating that dcc ]. An overall assessment of the distribution of these structural differences between genotypes across the mPFC subregions suggest that pyramidal neurons exhibit these alterations within the three regions examined (Cg1, PrL, and IL). In contrast, the structural changes in layer V pyramidal neurons were not observed before puberty. Juvenile dcc ϩ/Ϫ and ϩ/ϩ mice did not differ in layer V pyramidal neuron basilar dendritic spine density (Fig. 2G,I : t (34) ϭ 0.76, p ϭ 0.45), dendritic arbor length, or dendrite number (Fig. 2 H, K: length, t (34) ϭ 1.42 , p ϭ 0.17; Fig. 2 H, J: dendrite number, t (34) ϭ 1.64, p ϭ 0.11), nor were there any alterations in dendritic arbor morphology (Fig. 2 H, L: two-way repeated-measures ANOVA, main effect of genotype, F (1,306) ϭ 2.58, p ϭ 0.12). These results indicate that dcc haploinsufficiency results in structural changes in layer V pyramidal neuron basilar dendritic arbors only after puberty. The morphological alterations in dcc ϩ/Ϫ mice observed here may reflect changes that are intrinsic to these neurons or that may be a consequence of the DA hyperfunction observed in these mice (for review, see Seamans and Yang, 2004) . Of note, all the dendritic arbor parameters measured were robustly maintained in wildtype mice between the juvenile and adult periods (Fig. 2 D, E, F , for wild-type adult compared with Fig. 2 J, K, L, for wild-type juvenile). This indicates that basilar dendritic arbors of layer V pyramidal neurons in dcc ϩ/Ϫ mice undergo a loss of dendrite number, as well as a reduction in arbor length and complexity around puberty. mPFC TH-positive innervation is sparsely labeled with DCC and overlaps with the most intense region of netrin-1 immunoreactivity To gain insight into how DCC-mediated netrin function may contribute to the normal organization of synaptic connectivity in the mPFC DA system, we characterized the distribution of netrin-1 and netrin-1 receptor expression in the NAcc and mPFC of wild-type mice before and after puberty. We found that netrin-1 is indeed expressed in the mPFC (Fig. 3) . Widespread robust immunoreactivity was observed in neuronal cell bodies across all cortical layers (Fig. 3A-D) . However, netrin-1 immunoreactivity was clearly more intense in the region overlapping with the dense TH-positive fiber innervation of the inner layers (Fig. 3A-D) . Two major cortical target cells of the DA mesocortical projection are pyramidal neurons and parvalbumin-positive GABA interneurons (Van Eden et al., 1987; Smiley and Goldman-Rakic, 1993; Cowan et al., 1994; Sesack et al., 1998) . Double-labeling experiments confirmed that netrin-1 is present in most layer V pyramidal neurons (Fig. 3J-L ) and a subset (ϳ50%) of parvalbumin-positive GABA interneurons (Fig. 3E-H) .
Examination of netrin-1 immunoreactivity in the mPFC of juvenile mice did not reveal any differences in the pattern of netrin-1 expression compared with adults (data not shown). However, the density, shape, and distribution of TH-positive varicosities in the juvenile animal were considerably reduced and less complex compared with the adult (data not shown).
We next analyzed DCC expression in TH-positive fibers in the adult mPFC of wild-type mice. A subset of TH-positive fibers was colabeled with DCC in the mPFC, but these double-labeled fibers were extremely sparse (Fig. 4 A, A I -C,C I ). The vast majority of TH-positive fibers in the inner layers of the mPFC did not express detectable levels of DCC (Fig. 4 A-F ) . We also observed thicker DCC-positive fibers that were TH immunonegative (Fig. 4 A, A I -C,C I ). Again, the distribution of DCC immunoreactivity in the mPFC of juvenile mice appeared very similar to the pattern ob-served in adulthood; a sparse distribution of DCC-positive fibers was observed within the TH-positive projection to the cortical inner layers (data not shown). Together, our immunolabeling studies indicate that the complementary pattern of netrin-1 and DCC expression in the mPFC is present from the juvenile period into adulthood.
All TH-positive fibers colabel with DCC immunoreactivity in the NAcc and innervate sites of lowest netrin-1 expression
As clearly observed in Figure 5 , netrin-1 expression in dorsal striatum as well as in forebrain limbic regions, including the NAcc, ventral pallidum, and olfactory tubercle, is considerably less intense than netrin-1 expression in surrounding cortical re- ϩ/Ϫ mice exhibit a significant ϳ40% reduction in basilar dendritic spine density (mean Ϯ SEM) in layer V mPFC neurons compared with adult ϩ/ϩ mice (C) (reproduced from Grant et al., 2007) . D, E, In addition, layer V pyramidal neurons in adult dcc ϩ/Ϫ mice (n ϭ 6) have fewer dendrites (D) and shorter dendritic arbors (E) than ϩ/ϩ (n ϭ 7) littermates (dendrite number, t (24) ϭ 2.88, p ϭ 0.008; arbor length, t (24) ϭ 2.51, p ϭ 0.019). Data are shown as mean Ϯ SEM. F, Sholl analysis determined that dcc ϩ/Ϫ mice exhibit morphological alterations in the organization of layer V pyramidal neuron basilar dendritic arbors compared with ϩ/ϩ mice (two-way repeated measures ANOVA, main effect of genotype: F (1,225) ϭ 6.53, p ϭ 0.017; genotype by Sholl ring (m) interaction, F (9,225) ϭ 3.58; p ϭ 0.0003, Bonferroni post hoc test, dcc Ϫ/ϩ versus wild-type at 40, 60, and 80 m rings, p Ͻ 0.05). Data are shown as mean Ϯ SEM. I-L, The structural changes in layer V pyramidal neurons were not observed before puberty. Juvenile dcc ϩ/Ϫ and ϩ/ϩ mice (n ϭ 9 per group) did not differ in layer V pyramidal neuron basilar dendritic spine density (I ), dendritic arbor length (J ), dendrite number (K ), or dendritic arbor morphology determined by Sholl analysis (L). Shown as mean Ϯ SEM. Fig. 5A-F ) . Netrin-1-immunoreactive cells were distributed throughout the NAcc core and shell (Fig. 4 A, A  I 
gions (
-B,B I
,H-M ), consistent with a previous report (Shatzmiller et al., 2008) . The overall pattern of netrin-1 immunoreactivity in mesocorticolimbic targets suggests that DA fibers projecting to the mPFC innervate a region of high netrin-1 expression but that DA fibers projecting to the NAcc innervate a region of low netrin-1 expression. The distribution of netrin-1 immunoreactivity in the NAcc and dorsal striatum of juvenile mice appeared very similar to that of adult mice (data not shown).
DCC immunoreactivity in TH-positive fibers innervating forebrain limbic regions and the dorsal striatum had an expression profile that differed dramatically from TH-positive fibers innervating the mPFC. DA fibers innervating the NAcc and dorsal striatum exhibited complete colabeling of TH and DCC immunoreactivity (Fig. 6) . DCC labeling was uniform throughout the anterior NAcc core and shell (Fig. 6 A-D) (Paxinos and Franklin, 2001 , Plates 14 -17), with intense DCC immunoreactivity detected in fibers and in varicosities (Fig. 6 L-Q) . The pattern and intensity of DCC immunoreactivity in more caudal striatal sections indicated that the dorsomedial accumbens becomes more intensely labeled relative to other striatal regions (Fig. 6 E, F ) (Paxinos and Franklin, 2001, Plates 18 -22) , consistent with a previous report (Osborne et al., 2005) . Thus, THpositive fibers innervating the NAcc and dorsal striatum express high levels of DCC, whereas TH-positive fiber input to the mPFC is sparsely labeled with DCC immunoreactivity, which is often faint. Consistent with this observation, there are TH-positive/DCC-negative fibers with a vertical orientation medial to the NAcc. These fibers are likely to innervate the mPFC (Fig. 6 H-K ) .
The same pattern of DCC expression in TH-positive fibers of the NAcc and dorsal striatum was observed in juvenile and adult mice. TH-positive/DCC-immunonegative fibers with a vertical orientation medial to the NAcc are also clearly present in the juvenile brain (data not shown). Netrin-1 is ubiquitously expressed in the mPFC. A micrograph in I illustrates TH-immunoreactive fibers (DAB) innervating the mPFC in a coronal section through the adult mouse forebrain. A bounding box surrounds a region of the Cg1 and PrL cortical inner layers that is presented in the panels with immunofluorescent confocal stacks in the rest of the figure. fmi, Forceps minor of the corpus callosum. Scale bar: I, 250 m. A-C, In the adult ϩ/ϩ mouse, a coronal section through the mPFC double labeled with TH and netrin-1 (net) immunoreactivity shows widespread netrin-1 expression in neuronal cell bodies across cortical layers. The region overlapping with the TH-positive fiber innervation of the cortical inner layers (B, red) was observed to exhibit the most intense netrin-1 immunoreactivity (C, green). Inset, Immunoreactivity was not detected when the netrin-1 antibody was preincubated with recombinant mouse netrin-1 protein (left, netrin immunoreactivity in a coronal section through adult mouse mPFC visualized with DAB; right, netrin immunoreactivity after preincubation with recombinant mouse netrin-1). D, High magnification of netrin-1 and TH double labeling in layers V-VI of the prelimbic mPFC. Scale bars: A-C, 100 m; D, 10 m. E-H, E illustrates the distribution of parvalbumin (PV)-positive immunoreactivity (red) relative to the TH-positive (green) fiber innervation in the mPFC inner layers. Double-labeling experiments confirmed that netrin-1 (F, green) is present in a subset of parvalbumin-positive (F, G, red) GABA interneurons. Higher magnification of netrin-1 and parvalbumin colabeling in layer V of the prelimbic mPFC (H ). Scale bars: E-G, 100 m; H,10m. J-L, The majority of SMI-32-positive layer V pyramidal neurons (K, red) colabeled with netrin-1 immunoreactivity (L, green). The same pattern of netrin-1 immunoreactivity is observed in juvenile mice (data not shown). Scale bar: J-L, 50 m. The sample size for these studies was n ϭ 6 per group. The immunohistochemical analyses were performed in triplicate after optimization of the immunolabeling protocols. Six mice were studied in each of the double-labeling studies to map expression patterns (2 animals, repeated 3 times). Antibody specificity experiments for anti-netrin were performed in triplicates. Six wild-type mice were studied (2 wild-type mouse brains, repeated three times). dcc ϩ/Ϫ mice exhibit netrin-1 and DCC expression patterns comparable with wild-type littermates We detected the same pattern of netrin-1 expression in the mPFC, dorsal striatum, and forebrain limbic regions of dcc ϩ/Ϫ and wild-type mice (data not shown). This was the case for both juvenile and adult mice.
Similar to the pattern observed in wild-type animals, complete colabeling of DCC and TH-positive fibers was detected in the dorsal striatum and forebrain limbic regions of juvenile and adult dcc ϩ/Ϫ mice (data not shown). Consistent with previous reports using Western blot analysis (Fazeli et al., 1997; Flores et al., 2005; Grant et al., 2007) , the intensity of DCC immunoreactivity was reduced in both juvenile and adult dcc ϩ/Ϫ mice relative to wild-type littermates. The distribution of TH, netrin, and DCC immunolabeling are similar in wild-type mice bred in our colony and in those purchased from the supplier at Charles River Canada (immunolabeling results described in Figs. 3-6 ).
Increased density of DCC/TH-positive varicosities in the mPFC of dcc
ϩ/Ϫ mice Our data show that the NAcc DA projection, which expresses intense widespread DCC labeling, innervates a region of low netrin-1 expression. The converse is true for the mPFC DA projection; TH-positive fibers, which are sparsely labeled with DCC expression, innervate a region of highest netrin-1 expression. This complementary pattern of netrin-1 (target) versus DCC (fiber input) expression may be influencing the establishment and/or maintenance of the topography of mesocorticolimbic DA circuitry. Thus, TH-positive axons in dcc ϩ/Ϫ mice, which express reduced DCC levels, may be more likely to localize to regions of intense netrin-1 expression, such as the mPFC. If this is true, the increased TH-positive innervation observed in the Cg1 and PrL mPFC of adult dcc ϩ/Ϫ mice should coincide with a greater density of varicosities that are double labeled with DCC and TH.
To test this idea, we examined differences in the density of DCC/TH-positive varicosities in the mPFC between adult dcc ϩ/Ϫ and ϩ/ϩ mice. We performed stereological counts of THpositive varicosities double labeled with DCC using fluorescence microscopy in the Cg1, PrL, and IL regions of the pregenual mPFC. Similar to our first stereological study, the mesocortical DA projection was delineated by tracing the TH-positive fiber innervation to the mPFC. The tracings were performed on micrographs taken with a 4ϫ objective, a magnification at which only the dense innervation to the inner layers can be clearly detected. Two types of DCC varicosities were counted within these regions of DA innervation: (1) DCC-positive varicosities that were TH positive, and (2) DCC-positive varicosities that were found on TH-negative fibers. Figure 7A depicts the tracings around the TH-positive innervation to the mPFC inner layers from the five serial sections taken from one brain, overlaid one on top of the other. A tracing from each brain slice included the three cortical regions of interest (Cg1, blue; PrL, green; IL, purple). The small icons scattered throughout the contours represent the distribution of DCC/THpositive varicosities (pink stars) and DCC-positive varicosities on TH-negative fibers (green triangles).
The density of DCC/TH-positive varicosities was significantly increased in the Cg1 and PrL regions of the pregenual mPFC in dcc ϩ/Ϫ mice relative to wild-type littermates ( Fig. 7B -E: a twoway ANOVA, main effect of genotype, F (1,6) ϭ 19.91, p ϭ 0.02). A compelling differential pattern of innervation between the two populations of DCC-positive varicosities was revealed across mPFC subregions. DCC/TH-positive varicosities were predominantly located in the Cg1 and PrL regions, the same two mPFC subregions in which we detected changes in the span of THpositive fiber innervation (Fig. 1C) . The number of DCC/THpositive varicosities within the IL region was exceedingly scarce. As a result, the Gunderson coefficient of error (m ϭ 1) for the DCC/TH-positive varicosity counts in the IL was above 0.1. Thus, we were unable to obtain an accurate calculation of the density of DCC/TH-positive varicosities in the IL from our random sampling of this region.
The opposite result was obtained when we analyzed the density of DCC-positive varicosities in TH-negative fibers (Fig.  7 A, F,G) . First, these varicosities were predominantly localized within the region of the IL cortex overlapping with TH-positive fiber innervation (Fig. 7A) . The presence of these DCC-positive/ The sample size for these studies was n ϭ 6 per group. Experiments examining DCC and TH immunoreactivity in the mPFC were performed in triplicate after optimization of the immunolabeling protocol. Six mice were studied to map expression patterns in the mPFC (2 animals, repeated 3 times). Antibody specificity experiments for anti-DCC were performed in duplicates. Four wild-type and four dcc Ϫ/Ϫ mice were studied (2 wild-type and 2 dcc Ϫ/Ϫ newborn mouse brains, repeated twice).
TH-negative varicosities in the Cg1 and PrL regions was too scarce to obtain accurate sampling results, and comparisons were therefore only made in the IL region. Second, as shown in Figure  7H , dcc ϩ/Ϫ mice exhibited a reduction in the density of DCCpositive/TH-negative varicosities (t (6) ϭ 2.632, p ϭ 0.04). The identity of these fibers remains to be determined.
Together, these results suggest that a twofold increase in DCC/ TH-positive varicosities, specifically, may underlie the overall increase in TH-positive innervation to the mPFC in dcc ϩ/Ϫ mice that we reported in Figure 1 . It is important to note that DCC immunolabeling in the dcc ϩ/Ϫ mice was less intense compared with wild-type animals; the TH-positive varicosities in the mPFC double labeled with DCC were fainter in dcc ϩ/Ϫ mice. As such, our quantification of DCC/TH-positive varicosities is likely an underestimate of the actual numbers.
Discussion
Here we show that the span (i.e., volume measurement in cubic micrometers) of TH-positive varicosity innervation to the inner layers of the cingulate and prelimbic regions of the mPFC is enlarged in adult dcc heterozygous mice relative to wild-type littermates. Significantly, these alterations are only observed after puberty, a period of extensive neural reorganization within this region. Conversely, we found no changes in TH-positive innervation in the NAcc of these (Paxinos and Franklin, 2001, Plates 15-18) . A, B, A low level of netrin-1 immunoreactivity is present in the NAcc relative to surrounding cortical regions. However, the area within the bounding box (A I , B I ) illustrates the presence of clear but weak labeling in cell bodies of the NAcc. C, D, Netrin-1 immunolabeling is also more intense outside TH-positive regions in the ventral forebrain. E, F, Netrin-1 labeling is more intense in regions surrounding the NAcc and dorsal striatum in a more caudal section of adult mouse forebrain. Scale bars: A-D, 100 m; E, F, 500 m. G, Micrograph of a coronal section through the wild-type mouse forebrain labeled with TH immunoreactivity (DAB). Areas within bounding boxes represent the regions presented in H-M on the right. Scale bar, 500 m. H-M, Confocal stacks of netrin-1 and TH double labeling clearly illustrate the dramatic difference in intensity of netrin-1 immunoreactivity between the region overlapping with fibers projecting to the mPFC and that of the NAcc. Scale bars: H-M, 100 m. The sample size for these studies was n ϭ 6 per group. Experiments examining netrin and TH immunoreactivity were performed in triplicate after optimization of the immunolabeling protocol. Six mice were studied to map expression patterns (2 animals, repeated 3 times).
mice, suggesting that the effects of dcc haploinsufficiency on DA mesocorticolimbic systems result in selective alterations in synaptic connectivity within the mPFC DA projection.
In addition, we show that a "high-tolow," "receptor-to-ligand" complementary expression pattern is present in the mPFC and NAcc of adult wild-type mice, with the relationship being inverted in one region compared with the other. Importantly, this complementary pattern does not seem to differ between juvenile and adult mice. Netrin-1 labeling in the mPFC is intense, particularly in the layers that overlap with robust TH innervation, which is in stark contrast to the faint expression pattern of netrin-1 in NAcc neurons. Conversely, DCC is segregated to TH-positive axons in the NAcc, with only a few sparse TH-positive fibers coexpressing DCC in the mPFC. These findings suggest that cells with high levels of axonal DCC expression may have a peak affinity for cells with low levels of netrin expression and vice versa. DCC-netrin signaling may therefore play an important role in target selection and in the normal formation and/or maintenance of the topographical organization of mesocorticolimbic DA circuitry. We predicted that, in dcc heterozygous mice, the reduced DCC expression in TH-positive fibers would result in the partial redirection of TH-positive fibers from low-to high-netrin-expressing targets because they would be more likely to fail to undergo target recognition events in the NAcc/dorsal striatum. Consistent with this, we report here that the density of THpositive varicosities colabeled with DCC in the mPFC is increased by twofold in the cingulate and prelimbic regions, the same cortical subregions in which we identified an increase in the span of DA fiber innervation.
We found reduced dendritic spine density and dendritic arbor complexity in the basilar dendrites of layer V pyramidal neurons in adult dcc heterozygous mice compared with wild-type littermates. Again, these structural changes were not observed in juvenile dcc heterozygous mice. These results suggest that, in dcc heterozygous mice, DA alterations in the mPFC are accompanied by reorganization of mPFC neuronal circuitry. The basilar dendrites of layer V mPFC pyramidal cells indeed receive direct and indirect input from VTA DA neurons (Penit-Soria et al., 1987; Van Eden et al., 1987; Pirot et al., 1992; Smiley and Goldman-Rakic, 1993; Cowan et al., 1994; Sesack et al., 1998) . Moreover, layer V pyramidal neurons can modulate DA transmission in the NAcc (for review, see Tzschentke, 2000) .
Together, our results suggest that DCC function is required in the normal maturation of mPFC DA synaptic connectivity during the pubertal period and that alterations in DCC function have enduring functional consequences.
Increased mPFC TH-positive innervation in dcc heterozygous mice: DA or norepinephrine fibers? Norepinephrine fibers innervate the mPFC (Levitt and Moore, 1979) . Thus, the increase in TH-positive varicosity number in Figure 6 . DCC expressing TH-positive fibers segregated to the NAcc projection. A-F, Micrographs of DCC and TH double-labeled coronal sections through the NAcc and dorsal striatum in the wild-type mouse forebrain (Paxinos and Franklin, 2001, Plates 14 -18) . DCC clearly colabels with TH immunoreactivity in these regions (A, B; C, D; E, F ), with the exception of a small population of fibers ventral to the NAcc (A I , B I ). Scale bars: A, B, 125 m; C-F, 250 m. G, Schematic modified from Paxinos and Franklin (2001) with bounding boxes indicating the regions presented in H, I and J, K. aca, Anterior part of the anterior commissure; AcbC, accumbens nucleus, core; AcbSh, accumbens nucleus, shell; fmi, forceps minor of the corpus callosum; LV, lateral ventricle; MFB, medial forebrain bundle; Tu, olfactory tubercle; VP, ventrolateral thalamic nucleus. H, I, The region dorsomedial to the NAcc contains horizontally oriented TH-positive/DCC-negative fibers that are likely innervating the mPFC and other anterodorsal targets. Within this same panel, DCC is clearly colabeled with TH-positive fibers in the NAcc. J, K, DCC and TH immunoreactivity in a region ventromedial to NAcc. Small bundles of vertically oriented TH-positive fibers that do not express DCC are clearly visible medial to the DCC/TH-positive NAcc. Scale bars: G, 500 m; H-K, 100 m. L-Q, Confocal stacks scanned at higher magnification of the NAcc core and shell. Clear colabeling of DCC and TH are observed in these regions. Scale bars, 50 m. The sample size for these studies was n ϭ 6 per group. Experiments examining DCC and TH immunoreactivity in the NAcc/dorsal striatum were performed in triplicate. Six mice were studied to map the expression patterns (2 animals, repeated 3 times).
adult dcc heterozygous mice could be derived from changes in either DA or norepinephrine innervation. Several lines of evidence support the conclusion that the anatomical, neurochemical, and behavioral phenotypes in dcc heterozygous mice are associated with alterations in the DA system, specifically. First, in the present study, mPFC TH-positive axons were thin and showed irregularly spaced varicosities, as previously seen in this region using antibodies for DA (Berger et al., 1983; Van Eden et al., 1987) (Fig. 1 B) . Norepinephrine-positive fibers have a thick varicose appearance (Levitt and Moore, 1979; Berger et al., 1983) . Second, norepinephrine fibers immunostained for the noradrenaline transporter rarely colabel with TH immunoreactivity (8 -10%), suggesting that TH antibodies primarily label DA fibers (Miner et al., 2003) . Third, Western blot analysis indicates that TH immunoreactivity in the mPFC of dcc heterozygous mice is increased, but dopamine ␤-hydroxylase is not (Flores et al., 2005) . Fourth, microdialysis studies reveal no differences in extracellular mPFC norepinephrine concentrations in dcc heterozygous mice, at baseline or after an amphetamine challenge. In contrast, mPFC DA levels are increased in dcc heterozygous mice (Grant et al., 2007) . Finally, our observations that changes in TH-positive innervation are present in adult but not juvenile dcc heterozygous mice coincide with the pubertal maturation of the mPFC DA projection. Norepinephrine innervation to the mPFC matures by the second postnatal week in the rodent (Levitt and Moore, 1979) . Nevertheless, we cannot completely rule out the potential involvement of the norepinephrine system in the dcc heterozygous phenotypes because norepinephrine neurons in the locus ceruleus express DCC (Shi et al., 2008) .
Possible mechanisms underlying a selective role of DCC in the pubertal maturation of mPFC TH-positive synaptic connectivity The phenotypes observed in adult dcc heterozygous mice suggest that the changes in axonal branching and synaptogenesis that take place in the mPFC during the normal course of pubertal development are different in these mice. This idea is supported by the fact that DCC-mediated netrin-1 signaling has been shown to influence CNS synaptic connectivity (Coló n- Ramos et al., 2007; Manitt et al., 2009 ) and axon branching (Lim et al., 1999; Dent et al., 2004; Tang and Kalil, 2005; Hutchins and Kalil, 2008; Manitt et al., 2009; Xu et al., 2010) . A number of factors may explain why dcc haploinsufficiency affects developmental processes that occur precisely during the pubertal period. One is that UNC-5 homolog receptor expression by DA neurons emerges at puberty, whereas DCC is expressed by DA neurons across the lifespan (Manitt et al., 2010) . Thus, DCC and UNC-5 homologs are coexpressed by these neurons from puberty into adulthood (Manitt et al., 2010) . Significantly, the ratio of DCC to UNC-5 within neurons has been shown to regulate responses to netrin-1 (Hong et al., 1999; Williams et al., 2003; Muramatsu et al., 2010) . Thus, the onset of UNC-5 homolog expression by DA neurons at puberty may contribute to the surge in DA axon branching and synaptogenesis that occurs during this period of development (Kalsbeek et al., 1988a; Rosenberg and Lewis, 1995; Benes et al., 2000; Muramatsu et al., 2010) , and these processes may therefore be altered in dcc heterozygous mice.
The pubertal changes in the normal organization of mPFC DA circuitry are associated with an increase in the activity of DA neurons projecting to this region (for review, see Spear, 2000) . Changes in activity have been shown to modulate axon growth and guidance responses to netrin-1 (Ming et al., 1997 (Ming et al., , 2001 Shewan et al., 2002; Nishiyama et al., 2003; Moore and Kennedy, 2006; Wu et al., 2006; Moore et al., 2008) , in part through influencing the presentation of netrin-1 receptors at the membrane surface (Williams et al., 2003; Bouchard et al., 2004 Bouchard et al., , 2008 Muramatsu et al., 2010) . The pubertal increase in mPFC DA activity may naturally affect DCC translocation dynamics in DA fibers during this developmental period, leading to changes in the na- ture and magnitude of netrin-1 responses by DA neurons. This could have an important impact on branching and synaptogenesis. These events may be altered in dcc heterozygous mice.
Potential role of DCC function in the topographical organization of DA mesocorticolimbic circuitry In our final stereology experiment, we reported a twofold increase in DCC/TH-positive varicosity density in the mPFC of adult dcc heterozygous mice (Fig. 7) . This may account for the overall increase in TH-positive innervation to the mPFC observed in these mice (Fig. 1) . We have proposed that DCC/THpositive fibers that normally project to low netrin-1-expressing DA targets, including the NAcc, may be ectopically innervating the mPFC in dcc heterozygous mice. This suggests that an early axon patterning phenotype may already exists in juvenile mice. Increased DCC/TH-positive fiber innervation to the mPFC may indeed occur when DCC/TH-positive fibers are normally undergoing target recognition events in the NAcc. However, because mPFC TH fibers are primarily undifferentiated before puberty (Kalsbeek et al., 1988b) , we may have been unable to detect this with the parameters we examined here and in our previous studies (Grant et al., 2009) . That is, a subtle increase in the number of DA fibers projecting to the mPFC may only become detectable with measures of TH-positive varicosities after maturation of the mPFC circuit, once axon terminals have fully differentiated.
Another possible mechanism underlying the increase in mPFC DCC/TH varicosities observed in adult dcc heterozygous mice is that dcc haploinsufficiency may simply induce a selective increase in branching and synaptogenesis specifically in the small subset of DCC/TH-positive fibers that normally innervate the mPFC. Our future studies will aim to assess whether compromised DCC signaling in TH/DCC-positive fibers indeed affects axonal patterning events between NAcc and mPFC targets.
Altered mPFC DA microcircuitry in dcc heterozygous mice: implications for mesocorticolimbic DA function and the development of psychopathology Adult, but not juvenile, dcc heterozygous mice exhibited reduced basal dendritic arbor length, complexity, and spine density. The pubertal emergence of a phenotype in layer V pyramidal basilar dendritic arbors is likely to be secondary to the emergence of the DA phenotype in this region. Consistent with this, altered DA transmission in the mPFC has been reported to produce structural changes in mPFC pyramidal neurons (Kalsbeek et al., 1989; Robinson and Kolb, 1999a,b; Robinson et al., 2001; Wang and Deutch, 2008; Wang et al., 2009) . It is important to note that decreased basal dendritic length of layer V pyramidal neurons has been described after selective lesion of the DA innervation to the mPFC, both neonatally and in adulthood (Kalsbeek et al., 1989; Wang and Deutch, 2008) . The discrepancy between these reports and our findings may indicate that the structural changes in layer V pyramidal neurons after manipulations in DA function are likely determined by the resulting alterations in DA circuitry rather than the changes in DA concentration per se. Thus, the direction and magnitude of the structural modifications observed in layer V mPFC pyramidal neurons are most likely dependent on the neuronal subsets that are affected, directly and indirectly, by the changes in DA innervation and function within this region (for review, see Seamans and Yang, 2004) . These changes in circuitry may be different across manipulations (i.e., ablation, transgenic mutation).
Layer V pyramidal neurons are described as receiving both direct and indirect input from VTA DA neurons. The indirect input is from the other major target cells of the mPFC DA projection: parvalbumin-containing GABA interneurons, which provide the predominant local inhibitory input to pyramidal cells (Penit-Soria et al., 1987; Van Eden et al., 1987; Pirot et al., 1992; Smiley and Goldman-Rakic, 1993; Cowan et al., 1994; Sesack et al., 1998) . A disruption in the balance between direct inputs to pyramidal neurons and inputs to GABA neurons, resulting from an increased span of TH-positive innervation to the mPFC, may also alter the glutamatergic output of layer V pyramidal neurons (Peters et al., 2004; Lodge et al., 2009 ) (for review, see Seamans and Yang, 2004) . Notably, several psychiatric disorders, including schizophrenia, depression, and drug abuse (Tan et al., 2007; Davey et al., 2008; Feil et al., 2010) , have been associated with altered organization and function of local mPFC circuitry.
It remains to be determined whether the increase in the volume of TH-positive innervation to the mPFC is associated with a correspondingly "enlarged" cortex or with a cortical region that is unchanged in overall size. However, comparing overall cortical size between wild-type and dcc heterozygous mice would not provide insight regarding the nature of the reorganization of the local mPFC circuitry (i.e., specific cortical layers could change in different directions or in cell density without changing overall cortical size). Nonetheless, future studies will include volumetric analysis to complement current electrophysiological experiments aimed at determining the nature of the functional changes that are associated with the structural alterations observed in pyramidal neurons of adult dcc heterozygous mice.
The structural alterations in dcc heterozygous mice reported here suggest that dcc haploinsufficiency leads to selective changes in the DA innervation to the mPFC as well as associated alterations in the architecture of local mPFC microcircuitry during puberty. Aberrations in the development of the mPFC DA projection have been associated with susceptibility to developing psychopathologies, the symptoms of which tend to be first exhibited in early adulthood. Our findings implicate DCC-mediated netrin signaling in the maturation of mPFC DA neural circuits during puberty and provide a potential mechanism by which alterations in DCC function can produce structural and behavioral abnormalities associated with these disorders. Of particular relevance, DCC heterozygous human subjects have been identified recently, and we are currently assessing whether these individuals exhibit phenotypes in indexes of DA mesocorticolimbic function that are comparable with the ones detected in dcc heterozygous mice (Srour et al., 2010) .
